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g INTRODUCTION

-

The US Army is currently investigating the use of liquid
propellants (LPs) in large and medium caliber guns. These LPs
are characterized by the use of hydroxylammonium nitrate (HAN) as
their oxidizer. On 25-27 August 1987, the Third Annual LP Con-
ference on HAN-Based Liquid Propellant Flames, Properties and

o T - -

f Structure, was held at the BRL with Dr. Walter F. Morrison as
! General Chairman. The papers presented at this highly

g, %

ﬁ successful conference were given by people from academia,

B industry, and other government agencies.

[

This report is a compilation of the abstracts and viewgraphs
of these papers where available. The final program is included
Y in appendix A and a list of attendees in zppendix B.
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] ABSTRACT
i SOLID + LIQUID PHASE EQUILIBRIUM FOR THE WATER + HYDROXYLAMMONIUM
¢ NITRATE SYSTEM

M by
J. Bevan Ott and Johanne Artman
Department of Chemistry

N Brigham Young University
Provo, Utah

The binary solid + liquid phase diagram has been measured for
the water + hydroxylammonium nitrate (HAN) system. The phase
v diagram is a simple eutectic system with the eutectic at 231.5 K

ol - (-41.7°C) and a mole fraction of HAN of 0.281 (wt fraction of HAN
s';: = 0.676). The phase diagrams expressed in terms of mole fraction } -
e x and weight fraction f are shown in figures 1 and 2.

The enthalpy of fusfon of the HAN was determined from the
solid + liquid results to be 11 *# 2 J/mol. The HAN was obtained
from Southwestern Analytical Chemicals, Inc. as an approximately
2.8 molar solution. The water was removed by vacuum drying over a
three month time period, but the sample was still not pure. We
e estimate the impurity level from the change in melting temperature

with fraction melted to be 0.040 mole fraction. We are at present
Ty trying to determine the nature of the impurity.
We obtained a melting temperature for the impure sample of
Wy HAN of 315.95 K (42.7°C). The melting point corrected to zero
o impurity would be 317.7 K (44.5°C).

[ ]
[N
- J
Y}
[
Kt 280 6
5.‘» g.
o x o
Wt N
'A' - ]
s o
: 260 e
(- ]
l" :
‘Q"' [ =4
vy (]
,s't o .
e 240
2
X
N
::' 2% 0.2 0.4 5.6 0.8 i.0 k) o3 0.4 5.8 oF 1.0
¥
‘:: x Weight Fraction HAN
W XNHZOHNO + (1-x) Ha0 PHASE DIAGRAM FOR HAN + WATER
) [
Figure 1. Solid + liquid- Figure 2. Solid + 1liquid-
phase diagram for HAN + water phase diagram for HAN + water
expressed in terms of Kelvin expressed in terms of centi-
4 temperature vs. mole fraction grade temperature vs. weight
HAN fraction HAN
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DIFFRACTION STUDIES OF HAN '

F. K. Ross and Q. Xie
Research Reactor :
University of Missouri
Columbia, MO 65211
(314-882-5237)

N

The objective of this research program has been to provide ¢

-

-+ - information about the structures of crystalline and liquid HAN. To
‘ this end, we developed techniques for crystallizing HAN, determined the
& structure of the crystalline material by X-ray diffraction(1l), improved

the structural model by providing a single crystal neutron diffraction

study(2) and during the past year have concentrated on measuring the
diffraction from liquid samples. The crystal data is used to develop a
description for the potential of HAN, but obviously is not necessarily i
an ideal example of the liquid state. The liquid scattering information i
is intended to test the ability of the model to reproduce the measurable :
properties of the liquid and, in conjunction with theoretical studies, to t
provide a better understanding of the liquid.

g

-

Diffraction data have been acquired for HAN, for fully deuterated
HAN and for a "null" isotopic mixture (64% hydrogen of scattering power
-.374f and 36% deuterium of scattering power +.667f). 1In addition, we
have continued earlier X-ray diffraction studies with the inclusion of a
pyrolytic graphite crystal to produce monochromatic radiation and with the
development of a liquid cell for use in the flat-plate geometry. The
monochromator is necessary to produce a diffraction pattern wh¥ch can be
deconvoluted from the source spectrum and the latter geometry makes up for
some of the intensity loss incurred. Flat-plate geometry also reduces the
severity of the absorption corrections incurred for the cylindrical samples
(HAN liquid in a quartz capillary tube) reported last year (2). Background
scattering from the container is still a problem though, and we find rather
~ bothersome partial crystallinity in both the thin-wall quartz tubing used
K for the neutron studies and in the stretched Mylar window of our new X-ray

cell. Efforts to improve the removal of container scattering from the
diffraction pattern are underway.

L

e

)

N e - e A A

-

The weakness of the diffracted intensity in the X-ray experiment .
suggests that this work might be more appropriately performed at a \
synchrotron laboratory. Such an experiment is being considered, but it

3 also requires the use of a sample cell. Our X-ray experiments are still y

providing much useful information to aid in planning the synchrotron
N experiment. N

(1) A. L. Rheingold, J. T. Cronin, T. B. Brill and F. K. Ross, Acta Cryst.,
(1987).C43,402-404.

(2) F. K. Ross, Conference on HAN-Based Liquid Propellant Flames, Properties
, and Structure, BRL, Aberdeen Proving Grounds, July 29-31, 1986.

* Research Supported by Army Research Office grant DAAG29-85-K-0064.
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DIFFRACTION STUDIES OF HAN

F. K. Ross and Q. Xie
Research Reactor
University of Missouri
- Columbia, MO 65211

Research supported by the Army Research Office,
"Structure, Potential Energy and Thermodynamic
Properties of Hydroxylammonium Nitrate", R. D.
Murphy and F. K. Ross.




OBJECTIVES

4. Crystallize HAN and determine (crystal) structure.
§ a) X-ray diffraction (HAN, d4-HAN)
b) Neutron diffraction

c) Search for other structures or phases

2. Monte Carlo calculations (R. D. Murphy, UMKC) .
a) Generate potential from structure parameters
y b) Calculate thermodynamic properties from the potential

X c) Use potential to calculate liquid scattering (diffraction)

3. Measure liquid scattering (diffraction) .
I a) Neutron - HAN, d4-HAN, 36/64% null isotope mixture

b) X-ray

15




Future DirecTions

l. Liquic X-RAy ScaTrerine AT Snorter Wavermnarns

(Mo = 01K, Aq =0.5¢A)

2. Fececane Mevronyomare:.:

Y4, BErgetron Depnsity Anavysis
Q" density maps
elecTvosTatic potential maps
Malnipole moddl vefinement
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i SAMPLE PREPARATION

a) Rotary evaporate 18% solution (S. W. Analytical Chemicals) to about
90 weight percent HAN.

b) Vacuum dehydrate at 60-70 degrees C for several hours.

c) Transfer hot liquid (pipet. hypodermic syringe, etc.): use dry
atmosphere glove-box if necessary. .

d) Isotopic exchange - dilute dehydrated sample in 99.9% deuterated
water (usually for 99.5% exchange in three dilutions).

e) Seal samples in thin-wall guartz tubes or load into polyethylene
cell for liquid X-ray scattering.
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LIQUID SCATTERING SUMMARY

NEUTRON
1) d4-HAN - better statistics (x2)

2) HAN, Null isotope - x5 to x40 statistics improvement
incoherent background subtractions
multiple scattering corrections
X-RAY
1) better ‘liquid cell windows
2) energy sensitive detector (HgI2)
3) focussing monachraomator
4) shorter wavelengths (smaller window effect)
5) synchrotron experiment
MODELS
1) pursue Percus-Yevick model with non-spherical shape, with
form factor, etc. '
2) Monte Carlo calculations underway with neutron data

need better potential for hydroxylammonium ion
need more crystal structure data (other salts)
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High Pressure Spectroscopy and the Structure of HAN
Marlk A. Davies* and Robert A. Fifer, BRL

Infrared spectra of aqueous solutions of deuterated
hydroxylammonium npitrate (dHAN, 11 M in DED) have been recorded
at pressures ranging from 1 bar to 17.5 kbar. Such data are
needed as input and validation for theoretical models used to
predict the physical properties of propellants, particularly in
the environment of an barrels at the time of ignition.

Because all protons of HAN are labile, the remaining hydro-
gen (3I%4)  is distributed between water and the hydroxylammornium
ion (DO-H, NDEDH, HNDEDD). The isolated 0O-H and N-H vibrations
are isotopically uvncoupled from O-D and N-D vibrations, elimina-
ting shifting and splitting of vibrational bands due to
intramclecular coupling. Correl ations between measured O-H bond
distances with uncoupled vibrational frequencies allows the
distribution of various O-H..,.0 distandeg, where the 0 atoms are
connected by a hydrogen bond,_to‘be determined,

Fressures were generated wsing & diamond anvil high
pressuwe cell. The =zample was cmnfined between the diamonds
weing & tantalum gasket. Fressures were measured using the known
freqguency shift of crystalline gquartz as a function of pressure.

The N0 stretch shifts from 991.7 mm_1 to 1012.2 c.‘mm1 and

the nitrate ion bending mode shifts from 825.7 c:mw1 to 8164 mel.

The intensity of the N-0 stretch, greater than tﬁat of the 104%

c:m_~1 nitrate idon symmetric stretch at atmospheric pressure,

decreases with pressuwre and 1s less than that of the 10435 r:.'m.~~1

band at 17.95 kbar. Spectra of the 0-H stretoching region (above
39
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3000 cm—l) are also shown. Spectral bandwidths of O-H vibrations
are much narrower at high pressures. At this time, it has not
been determined if a phase change has occurred.

Future studies will include spectroscopic measurements over
smaller pressure increments than those used in these preliminary
experiments, as well as concentration and temperature dependence
studies at high pressures. In addition, it is hoped that the HAN
band positiéns at various pressures can be calibrated against the
crystalline gquartz standard, eventually eliminating the need for

the addition aof the presswe standard to the sample.

* National Research Council Fostdoctoral Assocliate
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ADYANTAGES OF FTIR

speed of data aquisition
lack of sample fluorescence
lack of diamond fluorescence

42




DIAMOND ANYIL CELL ADYANTAGES

simplicity of operation
small sample volumes



= . . )
5 . e . iy -, -, I Sl NSty . . . v = aman .

Figure 2. Diamond anvil optical cell. Cross-section of cell: A, Diamonds; B
g piston (composed of two parts held together by screws which provide for

relative movement of the two parts for alignment purposes); C, hardened steel

. cylinder; D and F, two presser plates connected by the lever arms, E; G, screw;

H, calibrated spring; I, steel body.

i ;

g C I

Length: 12.0 cm.

& ) '

¥ ! | Base Height: 2.5 cm.

A :@4 E idth:

p , - Width: 7.5 cm.

:; SIDE VIEW Spring Height: 3.5cm.
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TOP VIEW DETAIL OF DIAMOND CELL
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PROBLEMS X

1. absorption strength necessitates very short path lengths N

@) difficulty in making gaskets | o

b) pressure stenderd (ruby or quartz) must be ground to very small
size N

L

2. light throughput is small due to small gasket aperture size

45
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Mattson Sirius 100 FTIR w/ beam condensing optics
DAC by High Pressure Diamond Optics Inc., Tucson, AZ
4 cm -1 resolution
g 400 scans per spectrum
o Tantaslum gaskets, 0.4mm - 0.5 mm diometer
20 micron pathlength (before pressurization)
Pressures were coalibrated against a crystalline quartz standard
i (Wong, Moffatt, Baudais, Appl. Spectrosc. 39, 4, 733, 1985)

» Calibration was carried out externally using 8 gasket of the same
thickness as that used in the experiment. KBr transmitted the
e - pressure. |
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FUTURE WORK

calibrate pressure sensitive HAN lines against quartz or ruby
{make HAN into its own pressure gauge)
use smaller pressure increments & determine onset of decomposition
- concentration & temperature effects
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MAN SP | 1
TEMPERATURES AND PRESSURES. P. D. Spohn and T. B. Bill,
University of Delaware, Newark, De 19716.

Raman spectroscopy has been shown to provide information
on the microscopic organization of the aqueous nitrate ion.
Previous studies have been limited to lower temperatures due
to the corrosivity that is inherent in these systems. The
development of a cell capable of containing corrosive salts
under exteme conditions (450° C, 5000 psi) will be described.
The study of aqueous inorganic nitrate salts under these
conditions will be presented. The possibility of elucidating
microscopic structures for metal-nitrate salts and
metal-nitrate-HAN mixtures from these studies will be
examined. ‘

33




* [T TR

va 8% 0V it 870 8 had 2.8 pc b

e §°

¢ -

IR TR

P

WITXIG '\ 1NNNYId "L

oviL 9NV aNH 39 IINIXIW She3dnvyY . IO

Sad3d9dd < JRYN AG OHY JHL Qg  3Alwls 30  ~ouvedy

CNLN0AIA SVNOs  I3nss3zd ROt WL

L XN A A . b TR . .... . ‘ v
e v S fagalb e R O M ool SEN. o e N e

54

RO PG

ERCECEEDEONE

D)

i

v
.
et
-
<
0
«
-
- s
-
"
-
-
i
*e
-




b e .

,] ’ ‘

7109 2s2(02(3]/.ﬂ@3%0.~0 NOL11089 — .
— -  ¥I0A¥3IS3IY
- \ZW:§QWQW

¥0103143y

y
)

INVUENIN

; | ~
. ) Y01vHvd3s

¥30ves

REI LI

; ONIY DNI1GTONHN _

a3aviyny /
- MNIoIM . . 4 o

w — NOLS!Id /

MNSS34d ginosr | S NIONOSNYYL

4
-
NIWID3dsS M

v R ] L]
S LFEICI At

v DA
t’y; : :

NI R g
s a,.’,__i'e

‘»l.l‘,-‘s‘ g - g R °, i -
- % WS - e S A - e
Char S & S . e e hibhde b S S oo - -



" | /L‘\'té«r. B
TR
B A Specimen

N MAN BANG

o 56

L - . q ; : . ONATS Lo an 1 W E
SRGONESIGO0D0RE j KIS0 5".‘“'“,_*.? .\...u’, ’-ﬁ"d-‘.’-,’gh‘n:?ﬂf.s“f’-‘- “d‘r"e'-’ﬂ?.‘s‘ff,‘u I,!‘.,"f‘ﬁ,“‘ "é‘,'a'..-,‘ INOEEANG "’;i“',o“Kéﬁ'-«!.fC,_r""x't';‘a'f"‘"



T o A e e

v
A st

au W e

~»

-
-

-

A

o gy it e e o

DOOHCOHDN

BOSCIMS

BEONIRDN

—_— N
CRTNINGRTON

i

. - -

I -4

g

e

B ey

R

W am -

o



2 2ty iy 7, 9 T, Tav @e0 ¥ \J « LN A AR LN g 8 “a.d N 0] ¥ gAY, P AVa Bt AVa AV, AV A% RV, 4¥a A2 RYa", Y. k" "

THe Sound  VELoc\Ty MEALURES Aw

et TS
LN

Aol Aaamic PloPeRIY

’_.
—
¢a

:‘. 2 —..... 3_! oud K = -LL?—Y
! whece Ks v YoP)s E AN 4

" o aw  isoftumal Cavve

Bor WwE cAN RelATE  TheMm

; 2
i Wewce VN _ _ TV -
SN -+

" AND TinALEN:

? 2
- 4P TE 4P
Ce c
B 6(93 ece) = JP + SP,

\ [
X

2 ﬁm. Maxwed yvelakouws the Vasssuve **Er'—uﬂeuu.

o b emd S8\ 3Ky =,TG_’_V
3 L’;‘?\T' ) ( CAN

58

SRSAOAGAONGOGACAGHGEOAGHD RO .,'g‘sun B sm‘.‘.‘l l;;‘a‘c‘,&a (1\, FOGOS0008G8 Uy P ¥ 7 0T, PRV AT AT T



RS
o i -

o
-

SO N

2
>
S
§
a
:
3

y-3

(oes/w) AyoojeA

™

oo
N

™

;3

t3
:

sy T TR A 8 T

P
b



+ O o
o - -
o o
- o +0 o ot . Q
(] Aot \ 4
a % _ -
z B ¢ e e
‘O: 3 o T ¢ <
o - o© @
® - -
(» ) C e
a 8
o
S g ¥
o o
o
° IS _.g
c Y,
o o
£ 3w
o
£ b,
S LI
%4
o
f
0
T 7T — 7 1T F T 7 3
2 g & 5 & 8 & 3 §8 5 8
O o o 6o o o o o o o o

(32/wb)y Lryrsvag uwy abuey)

Pressure (Kbars)




ah Cah val Vel 4R«

rorerawrwiwe . i P I e g o v P N T S N IRTRNIRNY (SO A L e

*dJ43ydsouwze 3UO B PUNO FJUIPUdep 8JdnjeUIUWI]
*(0.€2) 9d4njedadwdl wood e punoj 8duvpudddp dunsseddy

Jeq’,_Jeq edc1_OIX9E E+de OIXBE €-2_01%20°Z = (d)1x |
Jeq’ ) de-01X02°S - »_0IXg68°'Y = (d)¥¢
Jeq’y wb |
/saLnof . de.0IXBL'6 + 62°2 = (d)d)
Jeq‘ueq (uojpienb3 3jeL) J48¥8°01 + 6L98Y = (J4)8
| ¢de1 -0IX2612°1
Jeq’ cwd/wb + 3de OIXTTLIZ - ds-OIXLBEG6"C + 2€S¥P°1 = (d)d
| | . ¢do1 -0IXBES"1
Jeq’oas/u - 2d»_0I%28YV°9 - dPSL°0 + 6L°2Z¥61 = (d)A
3o’ 1-Jeq  10.01X002°G + o_014p$6°1 = (1)1
J.'03s/u 1€0L°T1 - 9961 = (1)A
syLuf m,rz-r; o T T 7 uojyenh]
e ]

(949H pouteIyy) ySajIpuend
srweuApowday)l 3o dduapuadan vanjedddud] pur e4nssaty g 4 WiVl

61

A

.
x
-
-
D
-
“t;
o
~
ol
.17\




Talt Equation

-

v & -

-

80.0
730 -~
700 -

(ss0ax)

62

5.0

60.0 -

480 +— —-

S0.0 -

850 -

R IMEUNOWS



(
) onTAid Tue Tenftepatvreé PePendewce

Tor ‘PuAst TRecions WheRe No PHAS € CHanvGE

Thes  Pace

P T
dv _ Ky (9 aP 4 Sr(“”_

17

-

- -
"

A0

,v.
P A o X

5 * LIS ENEIN ) 5 . ! . ,
RO O O O XN O N O R O R T e S O S G G OO OO OO



W Y O TRy R DR O Y DA TR PO UG T R AT R R T IR R R N Y L L N I U YUV VU T v e PU TV PO VU VU DU TIMA R AN N AR ¥

-

-
.

Pressure (Kbars)

- -
-

- o
PN

;-
-~

Complete Equation of State
2

276K

X
) @
oy (0]
. ! N
s (o)
\)
z: < 2 |
g (o)
o ]
: M
- o
‘."l
i S @ 8§ 323 3 6 ¢ 3 3 3 3 3
d 0 0 0 o o o g o o o o
) (w8/33) aWN|OA Nj123dg
3 64

i ¥, 'Ql.l',.'.l.".llsﬂl'!
SR OO D N R O N T T T AT T S L e I e D e T R X OO O O TR U




Stimulated Raman Scattering and Explosive Vaporization Induced by Laser

Radiation on a Water Droplet Containing Nitrate

David H. Leach and Richard K. Chang

Yale University
New Haven, Connecticut 06520

When micrometer-size droplets are irradiated by a visible laser
beam, they can be envisioned as a lens to concentrate the incident
radiation inside the droplet and as an optical cavity to provide
feedback for the.internally generated nonlinear radiation. Because of
the concentrated internal intensity and qptical feedback, the threshold
for stimulated Raman scattering (SRS) from water droplets containing

NH4NO3 can be readily achieved at low input intensity (e.g., less than 1

Gw/cmz). The SRS spéctra»contain the following peaks: (1) first-order
SRS peaks of the stretching modes of NO3™ and O-H; (2) nth order SRS
peaks of these stretching modes with the (n-1)th order SRS as the pump
source; and (3) morphology-dependent resonance peaks superimposed on the
SRS of the stre;ching mode of O-H. Chemical species identification can
be made from the energy shift of the SRS peaks. The absolute size of
the droplet can be deduced from the wavelength spacing of the

morphology-dependent peaks. The ratio of NO3~ and H;0 concentration

within the droplet can be qualitatively estimated from the SRS intensity
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4

E}' ratio of the NO3~ mode and the O-H mode, even when the NO3~

\?y"

o C

iy concentration is below 0.2 M.

ﬁﬂ At input intensities higher than that necessary to achieve SRS

4 d

th

ﬁp from a single droplet, laser-induced breakdown (LIB) can occur within

th

J'ie

i the droplet shadow face. The LIB is caused by the following two .
‘g processes: (1) multiphoton ionization to produce the few priming

)

I

D , \ ., . . . .
ﬂﬁ electrons and (2) cascade multiplication which rapidly increases the

te

) .

e plasma density in subnanoseconds. Once LIB has been achieved during the
X rising portion of the input pulse, the transparent droplet is

A,

e

!

ﬂd transformed into an optically opaque droplet which can absorb the

4

i"‘

! remaining portion of the laser pulse.

}5 LIB has been investigated in droplets containing 5 M NH4NO3 with a
%

.l . ' '

bg spatially resolved spectroscopic technique, which can detect the

N

)

(1)

b discrete emission peaks from atomic H (Balmer lines) and once ionized N
% )

? and O at various locations within the plasma plumes ejected from the

o
& .
§$ shadow face and the illuminated face of the droplet. Since the linear
e :

1’ Stark parameters of H are well known, the electron density within these
¢

yﬁ plumes can be estimated from the spatially varying lineshape of the H

2

3

9g Balmer emission peak. Although the connection between LIB and electrode
‘4

o

Ay ignition of liquid propellents is not clear at this moment, the

N

i$ spectroscopic techniques we have developed to investigate the LIB

.8 .
:$ associated plasma plumes from droplets should be applicable to the study
l"

i

& of plasma ignition of ligquid propellents with electrodes. .
X

)
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Stimulated Raman Scattering Conclusions

1) SpeCies identification via molecular
vibrational frequency

'2) Resonance mode spacing provides size
information
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DSC OF LIQUID PROPELLANTS AND CRYSTALLINE HAN

Leon Decker and R.A. Fifer
U.S. Army Ballistic Research Laboratory
Aberdeen Proving Ground, MD 21295-5066

ABSTRACT

A DSC stability test has been developed for monitoring the
stability of HAN-based liquid propellants, and the destabilizing
effects of metal impurities. The test involves simultaneous
ignition temperature (Tig) measurements for eight samples (2.3 mg
each) heated in glass capillaries in a DSC pressurized to 6.9 MPa
(1000 psi). Data are given for neat propellant "1845", as well
as for samples of the propellant "doped" with 3-15@ ppm of iron
or copper. The results show that 5 or 10 ppm of either metal
leads to a measurable decrease in Tig, and that the decrease in
Tig per unit metal concentration is greatest at the lowest metal
concentrations. From the signs and shapes of the DSC peaks under
different conditions, it thus been found that when water
vaporization is suppressed, there are no detectable endo- or
exotherms prior to ignition, and that the first gas-producing
reaction is apparently endothermic. When water vaporization is
suppressed the Tig for HAN-based propellants are much higher
(>200°C) than previously suspected.

A preliminary examination of two crystalline forms of HAN
indicate that the heats of fusion of both forms (alpha-HAN = 27.0
+/- 1.8 cal/gm; beta-HAN = 26.7 +/- 1.8 cal/gm) are, within
experimental limits, identical. Much more work needs to be
performed to properly characterize the experimental material.
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SAMPLE CONFIGURATIONS:

METAL PAN (GOLD, ALUMINUNM, PLATINUM)

'ﬂ ?

HORIZONTAL CAPILLARY: 4MM X 1.2MM 1.D.

— 7

I

VERTICAL CAPILLARIES (MULTIPLE SAMPLES)
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: PERKIN-ELMER DSC HEAD AS MODIFIED FOR
! HIGH PRESSURE (1000 PSIG)
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TEMPERATURE (C)
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TIMEs
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LOW SURFACE TO YOLUME RATIO
"MULTIPLE SAMPLE CONFIGURATIONS POSSIBLE
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DSC OF CRYSTALLINE HAN
TWO POLYMORPHS REPORTED
R.A. FIFER, "INFRARED SPECTRA AND POLYMORPHISM IN CRYSTALLINE

HAN", 23RD JANNAF CONMBUSTION MEETING, CPIA PUB. 457,VOL 111,
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J.T. Cronin, T.B. Brill. Department of Chemistry
University of Delaware, Newark, DE 19716

The high rate (>100°C/sec) decomposition charateristics of
liquid propellant LP1845 will be described with the rapid-scan
FTIRthermal profiling technique. The decomposition
characteristics of HAN and TEAN were examined and then
compared to the pyrolysis behavior of LP1845. A five step
process that describes the major events occurring during the
fast thermal decomposition/ignition of LP1845 will be
presented. A progress report on the acoustic levitation project
will be presented.
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thermal diffusive-
| reactive instability
pulsating = R(w) # 0

cellular = R(w) =0

"~ viscous-

stable

stable

log wave number

pulsating
unstable

log wave number
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« the presence of small dro

plets is likely to modify

burning rate of a secondary flame
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: THE COMBUSTION OF HYDROXYLAMMONIUM NITRATE
3 BASED LIQUID PROPELLANTS * !

¢ Steven R. Vosen

Combustion Research Facility
: Sandia National Laboratories
: Livermore, CA 94550

] ABSTRACT :
A To better understand the physical processes which occur during the combus- b
af _ tion of liquid propellants (LP), a strand burner was used to study hydroxylam- i
3 monium nitrate based LP flames. By observing the combustion of LP in such an :
: arrangement, much has been deduced of the physical processes that occur during

LP ignition and combustion, at pressures which are relevant to LP gun ignition.

B Combustion experiments were performed in which mixtures of the salts hy-
droxylammonium nitrate (HAN) and triethanolammonium nitrate (TEAN) in wa- !
ter were ignited by an electric discharge, in a pressure vessel at pressures of up

3 to 34 MPa (5000 psi). Specifically, the mixtures discussed in this paper are the

propellant designated as LP 1846 (60.8 % HAN, 19.2 % TEAN, and 20.0 % water
) by weight) and HAN /water mixtures. The mixtures were loaded into a container A
K (strand burner) that had a 5 mm (0.20 inch) square cross section, was 40 mm (1.57 d
i inch) deep, and was open on top. Electrodes in two sides of the burner allowed for :
" a discharge through the mixtures, and quartz windows on the other sides allowed §

for observation of LP combustion. The burner was located in a pressure vessel

N with a volume (.013 m3, 0.46 ft*) large enough to ensure that only small changes )
" in pressure occurred during combustion. !
¢ 4
ik Images of the combustion were obtained through windows in the pressure '

vessel by backlit photography, and were recorded on a video system at a rate v i
of 60 frames per second, with an exposure of 100 microseconds. These images

K clearly show the movement of a liquid-gas interface and a bright flame during LP

. combustion.

] X
N The following conclusions have been made based on photographs of LP and X

HAN 'water combustion, samples of combustion residue in the combustion cham-
ber. and the pressure in the chamber:

&

1) As reported by other experimenters. it has been confirmed that there is a
aecivese in the average volumncetrie burning rate of LP in the pressure range
1 6.7 10 34 NMPa (1000 to 5000 psi).

2) There are two regions in the LP flame where reactions occur: at the liquid-gas
interface and above the liquid-gas interface. |

-~

- o

' This work was supported by a memorandum of understanding between the

Department of Energy and the Department of the Army. \
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o 3) For the pressure range studied, HAN decomposition governs the overall com-
- bustion rate of HAN-based propellants.
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IN A CONTROLLED ENVIRONMENT TO DETERMINE

BURN LIQUID PROPELLANTS
e Where Reactions Occur
e Importance of Two-Phase Region

e Burning Rates
e Flame Stability

Approach
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e Burn a Column of Fluid (5 mm X 5 mm X 25 mm)

e Constant Pressure (1500 - 5000 psi)
e Electric Discharge Ignition (20 J in 30 usec)

e
)

Experimental Conditions

e o
.‘."-ub -~ o =
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e Two Zone Flame Structure
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Requirements for Sequestering Agent

1) In low concentration, <1% by weight, must be able
X to strongly complex metal ions in presence of ten molar

HAN

o

2) Must overcome nominal pH 4 in HAN

‘ 3) Complexed metal ions must be unreactive towards
HAN

4) Must be chemically inert in harsh HAN environment

(for years?)
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Stoichiometric Metal lon Impurities

Cu(Il) + HAN — Cu(I) + N,O + N, + (NO)

Catalytic Metal lon Impdrities

Fe(1II)
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Dequest 2041 (Monsanto)

o (o]

HO i ] OH
PCH

H o 2 CH’ P < OH

HO N(CHa):N OH
PCH

HO> g ! °"'E<ou

1) White solid, 94% purity (Monsanto)
2) White solid, 97% purity (Monsanto)
3) White solid, >99% purity (Dow)

4) Fully deprotonated form L8~ (ten protonation sites)
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Kryptofix 221

o/d_\o
(—
Lo o

"

Donor atoms (O and N) enclosed in macrocyclic ring

system.

Cryptate stability usually determined largely by match of

ionic radius of metal ion and cavity radius of cryptand.
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General Observations of Dequest Agents and Iron(III)

1) Fe(lll) is promptly and exténsively precipitated by
2041 and 2060 in both 2.8 M HAN and water (pH < 6),
even at 0.5 mM Fe(IlI) and Dequest agent.

2) Solids obtained from either medium are very similar
with a given Dequest agent. Fe(lIl)/Dequest ratio ca. 1:1
for 2041 and 3:2 for 2060.

3) Supernatants slowly deposit additional solid.
Supernatants appear to be largely colloidal, but clearly

contain complexed Fe(IIl).
4) Other metal ions [Cu(II), Co(II) ,  Ni(Il), Zn(11),
Mn(I[)] do not form precipitates, but are strongly

complexed.

5) Iron(1I) does not immediately form a precipitate, but

later forms a white solid similar to that with iron(III).

6) The iron(IlI)-Dequest solids dissolve above pH 5-7 to

form a yellow solution.
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2041

. Fe(ll) + L8 & FelY" log K = 25.35

2060

Fe(lll) + L10- = FeL’" log K = 24.24
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Making the
HAN-ELECTROCHEMICAL

CONNECTION

Ronald L. Dotson

and

James A. Leistra

Olin Corporation
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ABSTRACT

' L Y e

. Hydroxylammonium nitrate, HAN, in high purity is a valuable
i chemical which can be produced by several different methods. It
u is active both as oxidizing and reducing agent, thereby making the
electrochemical connection with its preparation and applications.
' The electrochemical synthesis of HAN has been the subject of
- considerable interest within recent years within 0lin, and a
process for its production being developed.

This talk provides a descriptive introduction to the fundamental
properties of HAN and then moves quickly to the Olin approach to
electrochemical synthesis from the viewpoint of electrochemical
engineering. From this perspective the discussion emphasizes some
. of the unique design tools which the electrochemical engineer uses
3 from both materials science and process design standpoints, that
S are not common to classical chemical engineering, such as current
distribution, fluid flow patterns, mass and charge transfer under
electrical load. Electrochemical engineering unifies the concepts
of electrode reactions that are approached as heterogeneous cata-
lysts, where the rates of the electrode reactions are controlled
not only by the catalytic properties of the electrode substrate
but also by the interplay of mass transfer mechanisms that deter-
mine the diffusion rate of electroactive species at the conductive
and electroactive interfaces.

-
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The discussion emphasizes the importance'of correct choice of

$ electrodes as well as materials and apparatus, and is given in

x four segments following the Introduction, Thermodynamics, Elec-

N tro-kinetics, Transport and Separation, and finally last but not

W least Reactor Design. \
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HAN-ELECTROCHEM-CONNECTION

*DESCRIPTIVE INTRODUCTION

*THERMODYNAMIC PROPERTIES

*ELECTROKINETICS
*MASS TRANSPORT/SEPARATION
*PARALLEL PLATE REACTOR

*CONCLUSIONS
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THE REDOX PROPERTIES OF
HYDROXYLAMMONIUM NITRATE

[NH30H] {NO3}

PROVIDE THE
HAN-ELECTROCHEMICAL
| - CONNECTION
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N HYDROXYLAMMONIUM NITRATE IS DIFFERENT 5
l
FROM THE OTHER HYDROXYLAMMONIUM SALTS '

B HAN can be formed by action of

nascent hydrogen on Nitrogen Oxides: |

HNO3 —-> HNO2 --> NO ——-> NH20H ---> NH3 |
} - - [-=-3e(-)-->/
[-—-——-- ~~—fe(~)-—-—==—--- >/
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% THERMODYNAMICS

# | GIBBS RELATION
, Relates the Gibbs free energy to cell voltage.

9 | dG = -nFE

o | E(volts) = -4.184 dG(cals)/96,490n
GIBBS—HELMHOLTZ EQUATION

R d¢ = dH - T[dS] = dH + T{d(dc/dT)p

o | | E = T(dE/dT)p - dH/nF

s - . _ . . ' . . .
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THERMODYNAMICS FOR NITRATE REDUCTION TO HAN

*CATHODE HALF CELL REACTION )

6H(+) + 6e{-) + HNO3 ———-- > NH20H + 2H20

*NERNST EQUATION '

E = -0.720 + 0.069 LOG [H(+)]
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g REACTION MECHANISM

*ELECTRODE KINETICS

CHARGE TRANSFER STEP:

L H30(+) + e(-) ————- > H + H20
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PARAMETERS FOR ELECTRODE KINETICS

Tafel Equation:
7) = (2.303RT/ 2F) log [io/i]
H30(+) + e(-) ———-- > 0.5 H2 + H20
E = -2.303RT/F log {[H2]/[H(+)}

E = -1§984E-4 (T) [pH]
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MASS TRANSFER LIMITATIONS

Concentration Polarization

Fick's Law
No=D/S (Cb - Cs)
Faraday's Law

i/zF = D/§ (Cb - Cs)

Cb
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MASS TRANSFER LIMITATIONS . &

Concentration Overpotential

i(L)/zF = k Cb N

-~

Cb/Cs’ = i(L)/[i(L) - i]

M= a + blogi + cni(L)/fi(L) -1 | §

i
X
177 *
I:‘

. - 1]
OO O DO O O KOt XS O O DA DNt W W A N T e N D R N O O O S B OO SR DO A DAOAD ORI



PROPOSED REDUCTION MECHANISM

Hydrodimerization of Nitro Groups
by Indirect Coupling on Cathodic Mercury

2H + HNO3 -—-> H3NO3 -—-> HNOZ + H20
2H + HNO2 -—-> H3NO2 ——-> HNO + H20

2HNO —---> HZN202 --2H--> H4N202 —-2H--> H6N202

H3NO--NOH3 ----> 2 NH2-OH
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PARALLEL PLATE REACTOR WITH ELECTRODES

OF FINITE WIDTH
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u, (9C/X) +u, (3CAY) = D (3%C/ax2 + 32CIy)

small potential gradient
fully developed laminar flow
negligible diffusion in x - direction

steady state operation
2 - dimensional flow

General Differential Equation
u, (9G/ox)
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(D/0.893) [2 U, /(3D x §))'°
1.85 [Re Scd /L] 13

X —4
Shav
i = 2F (C, - C,) Sh D/d,

K
Shy=1.23[Re Scdg/x] 1

Solution to the basic differential equation

or for the whole reactor

with

PARALLEL PLATE REACTOR

188

AN Lk ] Y g S . . ] 9  * T LN ARARAREAD A
RO OCO0N ORI A R RCANKEX PO BAR TR LRI G 8T S T AT E R SR T T T e A,




s3ybr2

paumo Araiesrad woij 213 23g [Ilm ISN ydonhs 2IPY] JUEISem JOU S0P
UDd ‘930wiay3zang ‘oue]TII 10 ISN YOns wWolj bujarnsaxr 10 Lq
pasneo abvwep Jo Kianfuy Aue 303 suosiad pryyy Aue 10 DUV Away
*s*n 03 d[qisuodsal aq 30U [Teys TYId puv ‘T¥O4 Aq prarqiyoad
Kissaidxa s} 1esodoiad v jo eyl ueyi 1aylo ssodand Aue 203 210
D3aqdy Awiy °*s°p ueyl 3a4y3o L3zed 30 uosiad Aue Aq uojiezussaid
ydeabna syy3 uodn asuey(a3 10 a8n DAYV Awiy *§°f JOo afjevsq
ayl 103 K19108 TuDd Aq peiedaid uaaq sey uojiviussaid ydeabna syyy

861 LSNONV 9¢

S31L43IdOHd ANV JHNLONYLS
INV113dOYd QINOIT d3SVE-NYH NO 3ONIHIINOD
AHOLYHOEV HOHVISIH DILSITTVE AWHY "S'N
LV NOILVLIN3S3Hd V

‘3NI ‘SIIHOLVHOEV HOUVaSaY zo_pm:mzoo_zo»moz_mm |
VNISS3aW 'V 3TVaN |
Ag |

SLNV113d0dd aasva-NVvH a3idisINNG

INI ‘S10LviOav]
1ouvisIdd
NOLLSTIWOD
NorLioNud

189

GRS
NE .

P4

e

1')'!’,

SONTINES

BK]

Tap
f."

Qp,, AP LAY

i\

e

WA A

[} .‘l’

BOBOATSONTS

ot s’

XN

IS

a,“a.l‘,

NUUFOTINTD

[



1ILNOVYHE HNHLHY "HA :HL10D e

¢€¢0-0-98-12VYVVA LOVHULNOD 23AHV AWHY 'S'N e

WYHOO0Ud (HI18S)
HOHVAS3YH AAILVAONNI SSANISNE TTVINS | ISVHd e

INI*STIHOLVIOUVT

1ouvisid
INIWIDAITMONIIY NOLLSIIINOD
_ | NoLIONIad
Ky LR A e - CIC e LI I A VO TR Sk S S T POIR I P ol S

.......

190




3ZIS 1371d0HAa H3ziaixo -
ZO.._m._ﬁ._zw. 40 IDNIANVWNHId -
B/{ 086 < SNLIdNI TVOILIHOIHL HLIM NOLLVINWHOAS -

191

LN3DV DNIAJISTINWI/TINA/NVH WEL 40 ONISSIOO0Hd o

(M eTLz=31L ‘6/{ 086 = SNLIAdWI ‘ININ3SVE S8 DdT)
FONVIWHO4H3d NNIHEITIND3 TVOINIHOONWHIHL e

S73N4 3LVAIANVD 40 NOILVOIJILNIAl NOILVINWHOL o

INI ‘STIHOLVHOaV]
NV1d WVHDOud Jonvisitl,
d | _ Nol1IoNIad




(;-'\""""”b 0B 'F 3 dad 2l fad Y 8 - €e’d - 5 Rl el 9:8" 48" YUY 'y _gv) gvg 9 " 9 2 0%% 36 @l ot “ate ata any ahe gty olp ot "8 &b @ls
5

PROGRAM PLAN (CONT’D)
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- YIELD POINT BEHAVIOR
- DYNAMIC LOADING THROUGH GUN VALVE
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IMPACT SENSITIVITY
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SAMPLE HOLDER

CAVITY —"

TECHNOPRODUCTS DROP WEIGHT TESTER; 4 kg WEIGHT
7 -CAP
3 -wO*-RING—"~

HYDRAULIC LIMIT (85%)
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IMPACT SENSITIVITY FOR
HETEROGENEOUS EMULSIONS
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50% IGNITION POINT

PROPELLANT

(kg-cm)

156 .0

20 (n-DECANE)

EMULSION NO.

214

155.0

43 (ISO-OCTANE)

EMULSION NO.

>158.0

(TOLUENE)

66

EMULSION NO.

20.0

(BDNPA-F)

38

EMULSION NO.
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THE DIFFUSION AND MIXING CHARACTERISTICS OF LGP 1845 AND WATER

Cris A. Watson and John D. Knapton
U.S. Army Ballistic Research Laboratory
Aberdeen Proving Ground, MD 21005-5@66

An approximate value for the diffusion coefficient of liquid
gun propellant (LGP) 1845 into water was obtained using a two
color mixing method. The two components, water and propellant,
were dyed separate colors and the mixing region was measured as a
function of time. Using the experimental mixing length, the
diffusion coefficient was calculated. As a check on the
procedure, methanol and glycerine were also tested. The
diffusion values obtg%nedzin the experigentszfor methanol and
€lycerine were 1.28E " cm™/s and 1.73E © cm “/s, respectivg%y.
»Thﬁ diffusion coefficient for LGP 1845 into water is 1.59E
cm”/s. A prediction for the diffusion coefficient of
hydroxylammonium_gitrgte into water was also calculated and
found to be 1.4E cm”/s. The short term mixing ,
characteristics of LGP and water was also investigated. The
results indicated that the propellant and water will not mix
properly unless agitated.
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, Physical Properties of Liquid Propellants With Dissolved Gases

S. Murad
Chmical Engineering Department
University of lllinois at Chicago '
Box 4348, Chicago, IL 60680 . ‘.
3 " Tel: (312) 996-5593

* . . gy 7

‘ (3
. ABSTRACT {
.f i
3 The solubility of three important gases (argon, nitrogen, and methane) has been ¢
o estimated in liquid propellants using an extended corresponding states theory, and - '
: some recently obtained experimental data of Koski (see following abstract), over a -
! range of temperatures, for pressures up to 1000 bars. The effect of these dissolved

gases on physical properties such as surface tension are then estimated.

, .

) The solubility of the gases have been estimated by using the fundamental
;1: equation.
Y

) 9 = xy e eprV/RTdP]

N _ B

A where (@ is the fugacity of the gas phase, x, the mole fraction of the dissolved gas in

b - the propellant, and y', H®, V, are the activity coefficient, Henry's constant, and partial :

molar volumes respectively of the dissolved gas in the liquid propellant. The values of

iy f(@), y*, H®, and V are then estimated using the corresponding states theory, and limited
experimental data. This technique can also be easily extended to examine mixtures of
’ gases in liquid propellants. '

After the solubilities of the gases in liquid propellants have been estimated, they
K, can be used to estimate their effect on various physical properties, such as density,
K surface tension, etc. We will show some of our results for surface tension of liquid
A)
\
y

T e . e

propellants under pressure, and compare the results with those obtained when gas
solubilities are ignored.
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SOLUBILITY OF GASES IN LP 1846
Walter S. Kaoski
Department of Chemistry

The Johns Hopkins University
Baltimore, MD 21218

The solubility of various gases has been measured in LP 1846 using
chromatographic techniques. The temperature range for most of the gases was
from -15° to 30°C in 5 degree intervals. The order of increasing gas
solubilities was nitrogen, oxygen, érgan, methane, hrypton, and xenon. These
measurements permitted the determination ot the free energy, enthalpy, and
entropy changes for the solution process. The behaviar of oxygen was

anomalous since it apparently slowly reacts with the hyudroxylammonium ian to

produce N, 0.
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CONFERENCE ON HAN-BASED LIQUID PROPELLANT FLAMES,
PROPERTIES, AND STRUCTURE

Final Program
All sessions will be held in Bldg 330.

Tuesd 25 A st
8:30 am WELCOME. Walter F. Morrison, Program Manader, LP Program

8:40

8:45

10:15
10:45

11:15

11:45

ARRANGEMENTS & SIMILAR FOLDEROL. Eli Freedman, ABCB, BRL
SESSION I: Nathan Klein, BRL, presiding
THE PHASE DIAGRAM OF HAN-WATER. 'J. Bevan Ott,

Br1gham Young University

DIFFRACTION STUDIES OF HAN. Fred Ross, Un1vers1ty of
Missouri at Columbia

break

HIGH PRESSURE SPECTROSCOPY AND THE STRUCTURE OF HAN.
Mark Davies and Robert A. Fifer, BRL

RAMAN SPECTROSCOPY OF AQUEOUS SOLUTIONS AT HIGH TEMPERATURES

" AND PRESSURES. Peter Spohn and T.B. Brill, Univ of Delaware

Lunch

SESSION II: Josephine Wojciechowski, BRL, presiding

1:30 pm

2:00 pm

2:30 pm

3:00 pm

3:45 pm

EQUATION OF STATE OF HAN SOLUTIONS. Julius Frankel, BWL

EXPLOSIVE VAPORIZATION OF INDUCED BY LASER RADIATION ON A
WATER DROPLET CONTAINING NITRATE. David Leach and

-R.K._Chang, Yale University

break

DROPLET COMBUSTION OF HAN-BASED LIQUID PROPELLANTS.
C.K. Law, University of California, Davis.

ad journ
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Wednesd. 268 A st

S SESSION III: Madelyn M. Decker, BRL, presiding
8:30 am DSC OF LIQUID PROPELLANTS AND CRYSTALLINE HAN. Leon Decker
and R.A. Fifer, BRL

9:00 am DECOMPOSITION STUDIES OF LP 1845. James T. Cronin and
T.B. Brill, University of Delaware .

) 9:30 am STABILITY CHARACTERISTICS OF DEFLAGRATING LIQUID PROPELLANTS.
g R.C. Armstrong and S.R. Vosen, Sandia Labs

:E 10:00 am break

‘ 10:30 am THE COMBUSTION OF HAN-BASED LIQUID PROPELLANTS. S.R. Voseﬁ,

R Sandia Labs

o 11:00 am A LIQUID PROPELLANT DECOMPOSITION/REACTION MODEL. H.A. Dwyer
> and B.R. Sanders, Sandia Labs

11:30 am STABILIZATION OF HAN SOLUTIONS AGAINST TRANSITION METAL
ION IMPURTIES. Richard C. Thompson, Univ of Missouri-—-—
Columbia

-

P
-

12:00 lunch ‘ N
SESSION IV: Charles S. Leveritt, BRL, presiding

1:30 pm ELECTROCHEMICAL STUDIES RELATED TO HAN. R;L. Dotson,
Olin Corp.

2:00 pm PRELIMINARY STRAND-BURNING RATES FOR HAN-BASED GELLED
PROPELLANTS. D.S. Chiu, ARDEC

2:30 pm ) break
; 3:00 pm EMULSIFIED HAN-BASED PROPELLANTS. Nealé Messina, PCRL '
; 3:30 pm DIFFUSION STUDIES IN LP 1846. Cris Watson, BRL :
; 4:00 pm ad journ
! 6:30 pm DINNER
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Thursd 2% st :
5 A
g SESSION V: Eli Freedman, BRL, presiding ﬁ
¢ .'
; 8:30 am PHYSICAL PROPERTIES OF LIQUID PROPELLANTS WITH DISSOLVED '
ﬁ GASES. Sohail Murad, University of Illinois at Chicago :
y 9:00 am SOLUBILITY OF GASES IN LP 1846. Walter Koski, JHU \
- ’ ]
9:30 am A NEW DETERMINATION OF THE ENTHALPY OF COMBUSTION OF
! TRIETHANOLAMMONIUM NITRATE. Jennifer C. Colbert and :
; Eugene S. Domalski, US National Bureau of Standards j
) ¢
; 10:00 am | break ]
3 10:15 am GENERAL DISCUSSION \
[} N
A 3
t.
;’ 12:00 Final Adjournment 3
)
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Southwest Rsch Institute
6220 Culebra Road

San Antonia, TX 78284
(512) 522-2167

Robert W. Shaw

US Army Research Office

PO Box 12211

Research Triangle Park, NC
27709-2211

(919) 549-0641

Paul Bunyan
British Government
RARDE

Powder Mill Lane
Essex, England

Ronald Dotson

Olin Corporation

24 Science Park

S. Winchester Ave
PO Box 30-9644

New Haven, CT 06511
(203) 271-3330

James A. Leistra
Olin Corporation
24 Science Park

S. Winchester Ave
PO Box 30-9644

New Haven, CT 06511
(203) 785-5242

Marshall Humphrey
Jet Propulsion Lab
4800 Oak Grove Drive
Pasadena, CA

(818) 354-3523

Clifford M. Moray
Jet Propulsion Lab
4800 Oak Grove Drive
Pasadena, CA

(818) 354-8078

ATTENDEE LIST

David S. Dandy

Sandia National Laboratory
PO Box 969

Livermore, CA 94550

(415) 422-1810

Billy R. Sanders

Sandia National Laboratory
Division 8363

PO Box 969

Livermore, CA 94550

(415) 422-3113

A. MacPherson
Leigh University
Bethlehem, PA 18017
(215) 758-4105

Bob J. Agow

Aerojet

PO Box 15699C
Sacramento, CA 95813
(916) 355-5401

J. Bevan Ott
Brigham Young Univ
Dept of Chemistry
Provo, Utah 84602
(801) 378-3669

William O. Seals

US Army ARDEC
Picatinny Arsenal, NJ
07806-5000
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Jim Cronin

University of Delaware
Chemistry Dept
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University of Delaware
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(302) 451-2459
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US Army ARDEC
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(201) 724-2259
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Research Reactor
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(314) 882-4211
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(415) 422-2470

S. Vosen

Sandia National Laboratory
Livermore, CA 94550

(415) 422-3434

Richard Chang

Yale University
New Haven, CT 06520
(203) 432-4272

A TR
. ‘.‘ «“u

2§ Val val voh & 8 “at wnl taB ab 4oy eaf vl o id Wk 09 92 408

David Leach

Yale University
New Haven, CT 06520
(203) 432-4234

Gerry Doyle

GEO Centers

315 Richard Mine Rd
Wharton, NJ 07805
(201) 366-9802

Stanley Griff
GEO Centers
Wharton, NJ 07805
(201) 366-6908

Jean-Paul Picard
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Julius Frankel
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Box 4348
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US Army ARDEC
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07806-5000

Harry A. Dwyer

Sandia Corporation
Combustion Research Lab
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Chung K. Law "

U. of Califurnia at Davis Ballistic Research Laboratory \t

Dept of Mech Engr Aberdeen Proving Ground, MD $

Davis, CA 95616 (916) 752-8928 21005-5066 :E
’

Neale A. Messina

Princeton Combustion Rsch Lab

475 US Highway One
Monmouth Junction, NJ
(609) 452-9200

Michelle A. Robeson
Olin Corporation

24 Science Park

New Haven, CT 06511
(203) 789-6048

A.J. Bracuti

US Army ARDEC
Picatinny Arsenal, NJ
(201) 724-3788

Donald S. Chiu

US Army ARDEC
Picatinny Arsenal, NJ
(201) 724-3788

Derek C. Stetter

US Army ARDEC
Picatinny Arsenal, NJ
(201) 724-5626

John Scudiere

General Electric Ord Div
100 Plastics Ave
Pittsfield, MA

(413) 494-4227

Jennifer C. Colbert
National Bureau of Stds
Bldg 222, Room B-348
Gaithersburg, MD 20899
(301) 975-2579
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